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I. INTRODUCTION
There has been a recent resurgence of interest in spectroscopic studies of the alkaline earth-containing polyatomic molecules. The molecules CaOH, 1, 2 SrOH, 3 and CaCCH ͑Refs. 4-6͒ have been studied using a high temperature source called a Broida oven. 7 Much of the new work, however, has been carried out with the supersonic molecular beam technique which has allowed the study of large polyatomic molecules at high resolution. The low rotational ͑5-20 K͒ and vibrational (ϳ300 K͒ temperatures allows detailed information such as the fine structure, hyperfine structure, asymmetry splittings and dipole moments to be extracted from the spectra. The most novel and interesting examples from this family of molecules are the alkaline earth half-sandwich molecules, 8 which were studied in great detail by the Miller group. [9] [10] [11] [12] [13] [14] The high resolution experiments illustrate the wealth of spectroscopic information that can be obtained. Related studies include recent experiments on the singly charged alkaline earth-containing complexes such as Ca ϩ (H 2 O͒, 15 Mg ϩ (H 2 O͒ ͑Ref. 16͒ and their deuterated analogs. The electronic transitions of these molecules occur at higher energy (у21 500 cm Ϫ1 ) compared to those of the isoelectronic CaNH 2 and MgNH 2 molecules.
The alkaline earth-containing polyatomic molecules were first studied by Harris and co-workers 1, 3, 17 and then further extended by Bernath and co-workers. [18] [19] [20] [21] [22] [23] [24] These researchers used a Broida-type oven, which is a relatively high temperature ͑400-500 K͒ molecular source that is convenient for Doppler-limited studies. 25 For a non-linear polyatomic molecule, the information available from these spectra is limited due to congestion by many overlapping lines. Thus, only a partial vibronic analysis was possible for most of the non-linear polyatomic molecules. 8, [26] [27] [28] [29] [30] The Broida oven work illustrated the close connection between the spectra of the polyatomic alkaline earth derivatives and the well understood spectra of the alkaline earth monohalide molecules. The basic properties of the monohalides ͑e.g. electronic origins, spin-orbit splittings, lifetimes, dipole moments, etc., . . . ) are well described by the ligand field model proposed by Rice 33 Törring et al. 34 proposed another model to describe the electronic structure of the alkaline earth monohalides. Their ionic model allows for a displacement of the unpaired valence electron in order to take into account the polarization of this electron away from the ligand. The paper by Mestadagh et al. 32 39 we report here a high resolution analysis of the 0 0 0 bands of the C 2 A 1 -X 2 A 1 band system. CaNH 2 is the first non-linear alkaline earth derivative where all four of the (X, Ã, B, C ) low-lying electronic states are characterized at high resolution, thus we shall discuss the application of the simple ''pure precession'' model to polyatomic systems of low symmetry.
II. EXPERIMENT
CaNH 2 was produced using a pulsed laser ablation supersonic molecular beam spectrometer. Details of the experimental setup were provided in a previous paper ͑Zhao et al. 40 ͒ with the exception that a skimmer was not used in the experiments described here. Briefly, a rotating calcium rod was vaporized with the second harmonic of a pulsed Nd:YAG laser and approximately 5% NH 3 seeded in Ar͑or He͒ was allowed to react with the metal vapor. A backing pressure of 50 psi was maintained behind the pulsed valve ͑General Valve͒. The probe laser, an argon ion pumped Coherent 699-29 cw ring dye laser ͑R6G dye͒, was crossed with the molecular beam ϳ15 cm downstream from the nozzle. The laser-induced fluorescence signal was viewed through a 600 nm Ϯ 5 nm bandpass filter and focused onto a cooled GaAs photomultiplier tube.
A boxcar averager was used to gate the signal and for the experiment using Ar seed gas, the boxcar delay was 200 s after the YAG pulse, while a 85 s delay was used for the He experiment. In both experiments the boxcar gate was open for ϳ20 s. The LIF signal was monitored in 50 MHz steps of the probe laser which was scanned at a rate of 60 seconds per 10 GHz. Typical linewidth ͑full width at half maximum͒ was of the order of 150-200 MHz. Calibration of the laser was achieved by simultaneously recording the laser excitation spectrum of I 2 , 41, 42 giving an absolute accuracy of Ϯ0.0035 cm Ϫ1 for the measured line positions. 
III. OBSERVATIONS
The approximate positions of the
band origins were known from the low resolution work of Bopegedera et al. 43 and also from Wormsbecher et al. 36 Thus, the laser was scanned at high resolution from 17 365 cm Ϫ1 to 17 395 cm Ϫ1 to measure the spectrum of the C 2 A 1 -X 2 A 1 system. Rotational structure of the spectrum was consistent with the parallel band structure of an a-type transition. The selection rules for a doublet a-type transition are ⌬K a ϭ0, ⌬K c ϭϮ1, ⌬JϭϮ1,
band a Q-branch (⌬Jϭ0) is also allowed. It is useful to introduce the label, ␥, for the rotational energy levels ͑Jar-man et al. 22 ͒, where ␥ϭK a ϩK c ϪN, and ␥ can take values of 0 or 1. Therefore, we can have ␥Јϭ0←␥Љϭ0 for a K a ϭ0-0 sub-band and both ␥Јϭ0←␥Љϭ0 and ␥Јϭ1←␥Љϭ1 for a K a ϭ1-1 sub-band.
The allowed transitions of the K a ϭ0-0 sub-band are depicted in Fig. 3 . Each rotational level labeled N Ka,Kc is split into two fine structure levels by spin-rotation interactions, and are labeled F 1 for JϭNϩ 1 2 and F 2 for JϭN-1 2 . Only P and R branches for the K a ϭ0-0 sub-band are allowed so the rotational spectrum is analagous to a 2 ⌺-2 ⌺ transition of a diatomic molecule. Figure 4 shows the corresponding energy level diagram for a K a ϭ1-1 sub-band. In this case each rotational level is split into four components because of spin-rotation interactions ͑F 1 and F 2 ) and also due to asymmetry doubling (␥ϭ0 or 1, indicated by a superscript͒. Thus, the K a ϭ1-1 sub-band resembles a Hund's case ͑b͒ 2 ⌸-Hund's case ͑b͒ 2 ⌸ transition of a diatomic molecule. Figure 5 shows the overview of the C -X band system recorded in Ar and in He. The He spectrum has a slightly higher rotational temperature ͑T rot ϭ 13 K͒ than the Ar spectrum ͑T rot ϭ 6 K͒. Initially the Ar spectrum was used for data analysis, but the F 2 component of the K a ϭ1-1 sub-band was absent. Subsequently the higher temperature He spectrum was used for the analysis and we were able to obtain J values as high as 19 1 2 for the K a ϭ0-0 sub-band and J ϭ14 1 2 for the K a ϭ1-1 sub-band. Some of the assigned transitions of the spectrum are shown in Figure 6 . All of the allowed branches ͑4 for K a ϭ0-0, 12 for K a ϭ1-1͒ were seen in this spectrum, however, it was found that the transitions involving the F 2 component of the K a ϭ1-1 sub-band were very weak.
IV. RESULTS
The C -X band system is an a-type transition so that the transition dipole moment is along the Ca-N bond. The ⌬K a ϭ 0 selection rule means that all of the sub-bands with different K a will have approximately the same origin, leading to a very congested spectrum. Fortunately, with the rotational cooling in a molecular beam only two K a Љ values had 
see text for details.
significant population ͑K a ϭ 0,1͒. Because of nuclear spin statistics, the K a ϭ 1 rotational levels ͑ortho͒ cannot cool into the K a ϭ 0 ͑para͒ levels. Preliminary experiments, ͑per-formed at Waterloo͒ using a Broida oven showed that the spectrum of the C -X system was extremely dense, with many K a -rotational sub-bands and vibrational hot bands present. The spectra recorded in this way were found to be extremely difficult to analyze. The analysis of the C -X spectrum was partially aided by a Loomis-Wood program to sort out the branches. Although this procedure 44 is extremely useful in the analysis of congested spectra of 1 ⌺ diatomic molecules, more care must be taken with non-linear molecules and non-1 ⌺ diatomics. This is because the line spacing of P and R branches that are connected can be quite different. For CaNH 2 , a particular P or R branch can be found rather easily, but connecting the P and R branches was difficult. With the help of the spectroscopic constants of Marr et al., 38 ground state combination differences were used to connect the branches. Once a single branch of the K a Јϭ0←K a Љϭ0 sub-band was assigned and fitted with a non-linear least squares program, the remaining branches were then assigned by prediction. The same procedure was used to assign the lines of the K a Јϭ1←K a Љϭ1 subband.
The data were fit using the effective rotational Hamiltonian ͑A-reduction͒ of Watson 45 and the spin-rotation Hamiltonian of Brown et al. 46 The spin-rotation Hamiltonian is written as:
where ␣ and ␤ are the principal rotation axes. A total of nine spin rotation constants are possible, but for a molecule with orthorhombic (C 2v ) symmetry only three, ⑀ aa , ⑀ bb and ⑀ cc , are non-zero. It will be shown ͑see below͒ that these constants are determined by second order spin-orbit interactions rather than true spin-rotation interactions. 39 were added to this data set 49 and a global fit of all the data was done. The rotational constants for the X 2 A 1 , Ã 2 B 2 , B 2 B 1 , C 2 A 1 states are reported in Table I .
V. DISCUSSION
A. Pure precession model
The most interesting of the spectroscopic constants listed in Table I are the spin-rotation constants (⑀ ␣␣ ). This is because we can use the simple pure precession model to give a physical picture of the orbitals containing the unpaired electron. CaNH 2 is the first of the alkaline earth polyatomic molecules for which all of the low-lying electronic states are known so a discussion of the pure precession is warranted. In this model we will assume that only pure p -type orbitals give rise to the first three excited electronic states ͑Fig. 2͒ of CaNH 2 while the ground state has the unpaired electron in an s -type orbital.
The theory of spin-rotation interactions was first considered by Van Vleck. 50 There are two major contributions to these parameters, a direct magnetic coupling between the electronic spin and molecular rotation, and a second order spin-orbit coupling between the electron spin and the unquenched angular momentum of the unpaired electron. 51 It has been shown ͑Curl, 52 Dixon 53 ͒ that the major contribution to the spin-rotation constants is the second order spin-orbit interaction.
The Hamiltonian for rigid rotation of a polyatomic molecule in the molecular frame with the inclusion of spin-orbit interaction is written as:
͑2͒
Here N is the total angular momentum excluding spin, L is the electronic angular momentum, ͑a,b,c͒ are the principal axes in the molecular frame and the sum j is over all electrons in the system. From equation ͑2͒ we can see that the purely rotational part of the Hamiltonian is:
and the perturbation of strict rigid rotation arises from the cross terms between: 
͑4͒
Performing a Van Vleck transformation leads to the effective spin-rotation Hamiltonian for a molecule with C 2v symmetry:
neglecting the quartic spin-rotation terms ͑for example see Duxbury 51 or Brown et al.
46
͒. It was shown by Dixon 53 that the second order spin-orbit corrections to the spin-rotation constants of a doublet state are:
The sum j is over all electrons, k j ϭ ϩ1 for promotion of an unpaired electron, k j ϭ Ϫ1 for promotion of an electron into a half-filled orbital or zero otherwise. The B ␣ 's in ͑6͒ are the rotational constants in the principle axis system ͑e.g .  B a ϭA, B b ϭB, B c ϭC) . The matrix element involving ␣, j can be written in terms of the one-electron orbital angular momentum operators, ␣, j ϭ j lˆ␣ , j , where j is the spin-orbit constant for the electron. In the pure precession limit, we can neglect all electrons except the unpaired valence electron on Ca ϩ . Thus we can remove the sum over j with a single term involving 3p lˆ␣ leaving the second order correction to the spin-rotation constants as:
A similar analysis as above can be done for the second order correction to the rotational constants (A,B,C). The result is:
͑8͒
It will be shown later that the second order correction to the A rotational constant is significant while the corrections to B and C are negligible. ͘ need to be evaluated. However, in the pure precession limit we assume that the electronic states arise strictly from pure p -type orbitals. In Table II , the correlation of the electronic states and the principal axis system with the (x,y,z) coordinate system is provided. Table III shows the effect of the one-electron orbital angular momentum operators on the three p -orbitals. Using these results and equation ͑7͒ we can write the formula for the second order correction to ⑀ aa of the Ã 2 B 2 state as:
In the last step we replace 3p with A so , which is the spinorbit splitting in the hypothetical linear molecule. Clearly one can see that we get the negative of equation 
In the above formulae the top sign corresponds to the lower electronic state of the interacting pair of states. The second order correction to the A rotational constant then becomes:
One can see the close connection between the above results and the perturbation treatment of Whitham and Jungen. 37 They considered the rotation about the a-axis as equivalent to an a-axis Coriolis interaction with an offdiagonal spin-orbit coupling. The Hamiltonian for this interaction is:
The a-axis of a ͑near͒ prolate symmetric top molecule plays the same role in quanitization as the internuclear axis of a diatomic molecule so they replaced the angular momentum operators N a , L a , Ŝ a by their corresponding quantum numbers K a , ⌳ and ⌺. They then diagonalized the 2ϫ2 energy matrix for the interacting Ã and B states, and solved for the correction to their energies to second order. The relevant results from their analysis are: 
The formula for ⑀ aa (2) is equivalent to the formula derived from the pure precession limit where we had already used the fact that ⌳ϭ1 (⌳ϵ the projection of the electronic orbital angular momentum on the top axis͒ for a p -orbital. A spec is the rotational constant derived from fitting the line positions of the spectra, and again the top sign of equation ͑13͒ refers to the lower electronic state. This result also shows that the observed value of the A spec rotational constant contains a large second order contribution to the true A rotational constant.
On the basis of the molecular geometry, The approach given by Whitham and Jungen is specific to the Ã and B states and interactions about the a-axis. Our discussion here is more general and for an electron that possesses a well defined orbital angular momentum we can write effective formulae for ⑀ bb and ⑀ cc :
where l ϭ1 for p orbitals.
The comparison of the observed spin-rotation contents to their corresponding pure precession values are shown in Table IV . The values calculated from the pure precession formula are in reasonable agreement with the observed spin rotation parameters in both magnitude and sign. The ⑀ aa parameter is well predicted in the Ã, B states, i.e. within 10 % of the experimental value. Also, the spin-rotation parameters in the ground state are predicted to be zero by pure precession and experimentally we find an extremely small value for 
where g e is the electron g-factor. The predicted values are reported in Table V . 
VI. CONCLUSIONS
The high resolution spectrum of the C 2 A 1 -X 2 A 1 band system of CaNH 2 has been recorded and analyzed. CaNH 2 is the first alkaline-earth polyatomic molecule for which high resolution data are available for the first three excited states. We used the pure precession model to predict the spinrotation parameters for this molecule. This model confirms the simple one-electron hydrogenic picture often used for diatomic alkaline-earth molecules is also useful for nonlinear polyatomic molecules such as CaNH 2 .
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